Introduction
============

The extraordinary surface plasmon resonance property of gold nanoparticles (GNPs) and their proven ability to transform absorbed light into thermal energy make them promising candidates for a wide range of biological applications, such as bioimaging, medical diagnostics, and photothermal treatment for diseases.[@cit1]--[@cit4] However, *in vivo* studies have shown that most administered GNPs are rapidly sequestered from the bloodstream by the mononuclear phagocyte system (MPS), leading to long-term accumulation of GNPs in the liver and spleen, and inadequate delivery and/or targeting of GNPs to the diseased tissues.[@cit5]--[@cit8] The process of sequestration is triggered by opsonization of GNPs, which involves non-specific adsorption of plasma proteins onto the nanoparticle (NP) surface to form the so-called "protein corona".[@cit9],[@cit10] The "protein corona" alters the size, aggregation state, and interfacial properties of GNPs, giving them a "biological identity" that governs the interactions with biomolecules and biological barriers while affecting the physiological immune response.[@cit11],[@cit12]

To suppress the sequestration by MPS, it is crucial to prevent non-specific protein adsorption onto the surface of GNPs. For this purpose, the surface of GNPs needs to be modified with charge-neutral, highly hydrophilic "anti-fouling" polymers, which can resist adsorption of biomolecules, cells, and microorganisms when NPs are injected into living organisms.[@cit13]--[@cit15] Poly(ethylene glycol) (PEG) is the most commonly used "anti-fouling" polymer to modify GNPs in order to suppress non-specific protein attachment, prolong NP circulation time and improve delivery efficiency to diseased tissues. The grafting density of thiol-terminated PEG (HS-PEG) on the GNP surface (*σ*) is one of the most important parameters in determining the interaction of NPs with proteins, its subsequent sequestration from the bloodstream by the MPS, and the eventual delivery efficiency to tumours.[@cit16]--[@cit19] However, studies on optimization of *σ* are relatively rare[@cit20],[@cit21] as the majority of *in vivo* studies use GNPs saturated with PEG chains but do not characterize or report *σ*. The lack of characterization is largely due to a lack of practical methods.

Several types of techniques have been utilized to quantify *σ* of PEG on the surface of NPs. Thermogravimetric analysis (TGA) is the most widely used tool to estimate *σ* of PEG on GNPs;[@cit22]--[@cit25] this technique normally requires a large amount of GNPs and multiple centrifugation steps to remove unbound PEG chains, which may cause bound PEG to detach from the NP surface and result in an underestimation of *σ*. Additionally, TGA is a sacrificial method and impractical as a routine analytical approach for biomedical studies. Another commonly used strategy to characterize *σ* is based on the quantification of thiol end-group of unbound PEG by a stoichiometric reaction with 5,5′-dithiobis(2-nitrobenzoic acid).[@cit21] However, this method cannot quantify the concentration of disulphide bonds which are unavoidably formed in solution, leading to an overestimate of *σ*. Other approaches for characterizing *σ* include fluorescence[@cit26] and Raman[@cit27] spectroscopies (limited to HS-PEG molecules containing amino or Raman active end-groups) and other sacrificial methods such as inductively coupled plasma mass spectrometry (ICP-MS),[@cit28] total organic carbon (TOC) analysis,[@cit29] or X-ray photoelectron spectroscopy (XPS).[@cit30] On the other hand, one-dimensional proton nuclear magnetic resonance (^1^H NMR) spectroscopy is an easy-to-use, fast, and non-sacrificed quantification method to quantify *σ*. It can also be applied to analyse the ligand chemistry and monitor the grafting process *in situ*. However, using NMR to quantify *σ* and to simultaneously study the grafting process is quite rare.[@cit31],[@cit32] As such, a simple, robust, and universal NMR analytical method to accurately quantify *σ in situ* is highly desirable.

Herein, we report a facile and non-sacrificial ^1^H NMR analytical approach for the quantitative characterization of *σ* of HS-PEG on GNPs. We propose using a multi-Lorentzian-splitting algorithm based on the Akaike\'s information criterion (AIC), Bayesian information criterion (BIC) and maximum likelihood estimation in order to distinguish the NMR signal of free PEG from that of grafted PEG, which allows monitoring of the grafting process *in situ*. We demonstrate that this is an efficient method for studying the grafting rates and grafting densities for GNPs with varying dimensions, PEG with a range of molecular weights, and different types of original capping ligands on GNPs.

Results and discussion
======================

Quantification of grafting density by multi-Lorentzian-splitting algorithm
--------------------------------------------------------------------------

^1^H NMR spectroscopy was used to monitor the grafting-to process of HS-PEG on 13 nm GNPs with sodium 2,2-dimethyl-isotope-2-silapentane-5-sulfonate (DSS) as an external standard. [Fig. 1](#fig1){ref-type="fig"} shows the temporal evolution of the ^1^H NMR spectra when excess HS-PEG (*M*~w~ of 5.0 kg mol^--1^, 0.50 mg mL^--1^) was grafted onto the surface of citrate-covered GNPs (78 nM) (Fig. S1[†](#fn1){ref-type="fn"}). Before grafting, HS-PEG in D~2~O exhibited a sharp peak at 3.70 ppm with a full width at half maximum (FWHM) of 0.00430 ppm. Three minutes after the GNPs and HS-PEG were mixed in D~2~O, the intensity of the peak was dropped dramatically to about half of its initial value. The peak intensity continued to decrease gradually for 12 hours. More interestingly during the grafting process, the bottom part of the peak broadened continuously while the top part remained sharp, suggesting the existence of two possible types of PEG chains in solution. The presence of two types of PEG chains was further confirmed by diffusion-ordered spectroscopy (DOSY) as two peaks appeared at 3.70 ppm ([Fig. 1c](#fig1){ref-type="fig"} and S2[†](#fn1){ref-type="fn"}). The diffusion coefficients of these two peaks were 8.07 × 10^--11^ (free PEG) and 1.39 × 10^--11^ m^2^ s^--1^ (grafted PEG); peak assignments were made after comparing the data with the diffusion coefficient of pure GNPs (1.91 × 10^--11^ m^2^ s^--1^), determined by dynamic light scattering measurements (Fig. S3[†](#fn1){ref-type="fn"}). On the basis of these results, the NMR peak at 3.70 ppm was a superposition of signals from free PEG molecules and PEG grafted on the NP surface.

![Temporal evolution of ^1^H NMR spectra (a and b) to monitor the grafting process of HS-PEG onto the surface of GNPs in D~2~O. The evolution of the colour from violet to red indicated an increase in grafting-to time. NMR spectra were obtained by following the grafting process up to 12 h with a variable time interval of 1 (3--5 min), 5 (5--120 min), or 30 min (120--720 min). (c) DOSY spectrum of the PEG signal after grafting-to the surface of GNPs. (d) Lorentz fitting for ^1^H NMR spectra of pure PEG molecules. (e) Evolution of log likelihood (blue), BIC (green) and AIC (red) with the number of components, *g*. (f) Multi-Lorentzian-splitting to isolate free PEG from the mixtures with grafted PEG using three evaluation criterions.](c8sc02847h-f1){#fig1}

It is known that the attachment to NP surfaces causes the NMR signal of a ligand molecule to broaden and sometimes disappear, because the particle-bound ligand has faster transverse relaxation times (*T*~2~) leading to line shape broadening according to the following equation:[@cit33]where *υ*~HWHM~ is the half width at half maximum (HWHM) of the NMR signal.[@cit31],[@cit34]--[@cit36] Once grafted onto the surface of GNPs, the PEG molecules lost most of their rotational freedom as the GNPs possessed a much larger hydrodynamic radius than that of free, dispersed PEG molecules. As a result, the grafted PEG molecules experienced slower molecular tumbling and correlation time in solutions, leading to a decrease of *T*~2~ and an increase of *υ*~HWHM~.[@cit37]--[@cit40] As the peak of the grafted PEG became indistinguishable with the baseline of NMR spectra, it is not possible to quantify the grafted PEG concentration by integrating the area under the peak (Fig. S4[†](#fn1){ref-type="fn"}). On the other hand, the integral of the peak of free PEG molecules should remain proportional to the number of protons on them, if one can distinguish the peak of free PEG from that of grafted PEG.

Once the concentration of free PEG was determined, the *σ* of PEG on the GNPs can be calculated as:where *R* is the average radius of the GNPs, \[GNP\] is the molar concentration of GNPs, and \[PEG\]~tot~, \[PEG\]~grafted~, and \[PEG\]~free~ is the molar concentration of the total, grafted, and free PEG in solution, respectively. As mentioned above, \[PEG\]~free~ can be obtained from the integral of the NMR peak of free PEG molecules. We then developed an algorithm to distinguish the NMR peak of free PEG from that of grafted PEG in order to calculate the grafting density of PEG on the GNPs. Specifically, the line shape of an NMR peak is determined by the free induction decay (FID) of the observable NMR signal generated by non-equilibrium nuclear-spin magnetization precession about the magnetic field. The Fourier transform of this two-sided decaying exponential function is a Lorentzian function, which is represented as *φ*(*δ*;*δ*~0~,*γ*),where *δ*~0~ is the location parameter (the chemical shift of the NMR peak in ppm) and *γ* is the scale parameter which specifies the *υ*~HWHM~ of the peak. In the present work, free PEG in D~2~O has only one singlet at 3.70 ppm, whose line shape can be well-fitted by a Lorentzian function defined as *φ*(*δ*;*δ*~0~,*γ*~1~) with *δ*~0~ of 3.70, *γ*~1~ of 0.00215, and a coefficient of determination (*R*^2^) of 0.994 ([Fig. 1d](#fig1){ref-type="fig"}). In comparison, the grafted PEG molecules generate one or more relatively boarder NMR peaks because of a distribution of the grafted PEG chains on GNPs and a range of distances between the protons of grafted PEG chains and the electrons on the GNP surface.[@cit31] The Lorentzian function for the line shape of each proton of the grafted PEG can be represented as *φ*(*δ*;*δ*~*i*~,*γ*~*i*~). Compared to the function for free PEG, *δ*~*i*~ is equal to *δ*~1~ as the peak position does not change but *γ*~*i*~ is greater than *γ*~1~ as the line width of grafted PEG is larger than that of free PEG. Therefore, NMR peaks of a complex consisting of *g* components can be represented in a linear form of Lorentzian functions:where *φ*~*g*~ is a vector for the parameters of each Lorentzian function. *A*~*i*~, *δ*~*i*~, and *γ*~*i*~ represent peak area (proportional to the PEG concentration), chemical shift, and *υ*~HWHM~ of the corresponding component.

To isolate the Lorentzian function contribution from the free PEG, *φ*~*g*~ and the most probable number of components (*g*) need to be identified. For this purpose, we developed a multi-Lorentzian-splitting algorithm to estimate *g* and the corresponding Lorentzian functions. Firstly, Monte Carlo (MC) simulations with sufficient steps (\>10 000) were performed to generate samples from the original NMR data with chemical shifts in the range of 3.4 to 4.0 ppm. Afterwards, *φ*~*g*~ was fitted using the least-square algorithm for *g* ranging from one to ten components. Next, the fitting results were evaluated to find the most probable *g* using the criteria of the lowest Akaike\'s information criterion (AIC), the lowest Bayesian information criterion (BIC), and the maximum likelihood estimation.[@cit41]--[@cit43] Noted that these three criteria may give different values of *g* because using AIC/BIC may give a value of *g* different from that using the maximum likelihood estimation. AIC and BIC are theoretically equivalent;[@cit43] therefore they are normally satisfied at the same time for a specific value of *g*. As the values from AIC and BIC heavily rely on specific dataset, the criterion with max difference between the values from BIC and AIC are always chosen for analysis in practical application. The maximum likelihood estimation is auxiliary to choose *g*. Its value is relatively small and easily affected by data fluctuations; therefore the maximum likelihood estimation is possible to give inconsistent results with AIC/BIC criteria. However, as the fluctuations of the NMR data are very small, these three criteria can give the same value of *g*.

Using the NMR spectrum at a grafting time of 720 minutes as an example, the AIC, BIC and maximum likelihood estimation all gave a *g* of 3 as the best fit ([Fig. 1e](#fig1){ref-type="fig"}). This result indicates that three peaks should be used for the multiple-Lorentzian splitting of the superposed NMR peak from both free and grafted PEG, including one sharp and two relatively broad peaks ([Fig. 1f](#fig1){ref-type="fig"}). The *γ* for the sharp peak is equal to 0.00210, which is very close to that of the pure PEG molecules (*γ*~1~ = 0.00215 in [Fig. 1d](#fig1){ref-type="fig"}), suggesting that the sharp peak should be assigned to free PEG. The other two peaks with higher *γ* values (0.0182 and 0.0680) are assigned to grafted PEG. After comparing the integral of free PEG with the standard curve of pure PEG, the concentrations of free PEG, grafted PEG and corresponding *σ* can be calculated.

Grafting process of HS-PEG onto gold nanoparticles
--------------------------------------------------

We used this *in situ* NMR spectroscopy to analyse the grafting process of PEG onto the surface of GNPs ([Fig. 2](#fig2){ref-type="fig"}). [Fig. 2a](#fig2){ref-type="fig"} shows the temporal evolution of the ^1^H NMR spectra of free PEG, isolated from the NMR spectra in the grafting process ([Fig. 1](#fig1){ref-type="fig"}) *via* the multi-Lorentzian-splitting algorithm. Based on the integral of free PEG in ^1^H NMR spectra, concentrations of free PEG at any time during the grafting process can be calculated. [Fig. 2b](#fig2){ref-type="fig"} shows the evolution of *σ* with grafting time. The *σ* was determined to be 1.34 chains per nm^2^ at *t* = 3 minutes, indicating the grafting process was fairly quick due to the strong affinity between gold and sulphur atoms.[@cit44] For longer grafting times of several minutes to about 180 minutes, *σ* gradually increased to 1.53 chains per nm^2^. At the end of the grafting process (720 min), *σ* eventually reached a maximum of 1.55 chains per nm^2^ for full coverage.

![Grafting process for HS-PEG onto the surface of GNPs analysed by the multi-Lorentzian-splitting algorithm. Temporal evolution of ^1^H NMR spectra of (a) free PEG and (b) *σ* in the grafting-to process of HS-PEG onto the surface of citrate-capped GNPs. The colour of the lines corresponds to the same time points as [Fig. 1](#fig1){ref-type="fig"}. (c) Thermal curve from thermal gravimetric analysis (TGA) of HS-PEG grafted GNPs. (d) Temporal evolution of *σ* for HS-PEG grafted onto the surface of GNPs capped by citrate (blue squares), PVP (red circles), and CTAB (green triangles). Dotted circles on the curves in (d) highlight *σ* at the grafting time of 3 min.](c8sc02847h-f2){#fig2}

We also evaluated the accuracy and precision of the multi-Lorentzian splitting method. The accuracy of this approach was verified by a post-centrifugation strategy in which the GNPs with grafted PEG was removed from the solution by multiple centrifugation to obtain free PEG supernatant for ^1^H NMR quantification (Fig. S5a[†](#fn1){ref-type="fn"}). Using GNPs (13 nm, capped by citrate) grafted with HS-PEG (*M*~w~ of 5.0 kg mol^--1^) as an example, the NMR peak of free PEG from the multi-Lorentzian-splitting algorithm was highly coincided with that from the post-centrifugation strategy, and the calculated *σ* at saturation (1.55 chains per nm^2^) was almost identical with that from the post-centrifugation strategy (1.53 chains per nm^2^) (Fig. S5b and Table S1[†](#fn1){ref-type="fn"}). The accuracy of the multi-Lorentzian-splitting algorithm can also be confirmed by comparison with other quantification methods such as TGA, TOC and analytical ultracentrifugation (AUC). The value of *σ* (1.55 chains per nm^2^) determined from the multi-Lorentzian-splitting method is very close to that from TGA (1.44 chains per nm^2^, [Fig. 2c](#fig2){ref-type="fig"}). It should be noted *σ* determined from TGA could be underestimated as PEG can potentially detach from GNPs during repeated centrifugations. This *σ* for 13 nm GNPs determined from NMR spectroscopy is also in reasonable agreement with *σ* reported for the same HS-PEG on 11 nm GNPs (measured by TOC and AUC; 1.77 chains per nm^2^), where the smaller GNPs allow for denser packing and a higher *σ*.[@cit29] Next, the precision of the multi-Lorentzian-splitting method was evaluated *via* repeated measurements under identical experimental and analytical conditions, *i.e.* three replicas for quantifying *σ* of GNPs with different sizes and PEG with different molecular weights ([Fig. 3](#fig3){ref-type="fig"}). The majority of the standard deviation values obtained with this method were less than 5%, and the maximum standard deviation was no more than 8%. These results prove that the multi-Lorentzian-splitting method is highly accurate with excellent reproducibility.

Effect of capping ligands
-------------------------

The capping ligands on the surface of GNPs play a critical role during ligand exchange with the HS-PEG molecules. To study the effect of ligands on the grafting process, GNPs capped with three different kinds of ligands, *i.e.* citrate, cetyltrimethylammonium bromide (CTAB), and polyvinylpyrrolidone (PVP), were reacted with HS-PEG under identical grafting conditions. 13 nm citrate-coated GNPs were obtained referred to the standard Turkevich method.[@cit45] The other two types of GNPs of the same size were prepared *via* ligand exchange of CTAB or PVP with the citrate-covered GNPs, made possible as CTAB and PVP possess stronger binding affinity for GNPs than citrate.[@cit26] The successful ligand exchanges were confirmed by UV and zeta-potential measurements (Fig. S6[†](#fn1){ref-type="fn"}).

The grafting processes of HS-PEG onto citrate-, CTAB-, and PVP-covered GNPs were monitored by ^1^H NMR spectroscopy and analysed with the multi-Lorentzian-splitting algorithm (Fig. S7[†](#fn1){ref-type="fn"}). [Fig. 2d](#fig2){ref-type="fig"} shows the temporal evolution of *σ* for HS-PEG (*M*~w~ of 5.0 kg mol^--1^) grafted onto the surfaces of GNP\@citrate, GNP\@PVP and GNP\@CTAB, respectively. At the grafting time of 3 min, *σ* decreased in the order of GNP\@citrate (1.13 chains per nm^2^) \> GNP\@PVP (0.92 chains per nm^2^) \> GNP\@CTAB (0.78 chains per nm^2^), indicating that the grafting rate was inversely correlated to the binding affinity of the original capping ligand on the surface of GNPs (CTAB \> PVP \> citrate).[@cit26] As grafting continued, *σ* of these GNPs capped by different ligands exhibited a similar trend such that *σ* increased progressively from several minutes to about 180 min, and then reached a full coverage state. The maximum *σ* attained decreased in the order of GNP\@citrate (1.46 chains per nm^2^) \> GNP\@PVP (1.38 chains per nm^2^) \> GNP\@CTAB (1.26 chains per nm^2^), which was the opposite of the binding affinity trend observed for the original capping ligands, revealing that the maximum *σ* was also inversely correlated to the binding affinity of the capping ligands on GNPs.

Effect of nanoparticle size
---------------------------

It is well known that the size of NPs, *i.e.* the curvature of NP surface, plays an important role on grafting density. However, studies on the effect of NP sizes on grafting rate are very rare due to a lack of practical characterization methods.[@cit31] To further demonstrate the power of our method, we exploited this multi-Lorentzian-splitting algorithm to evaluate the effect of GNP sizes on the grafting process. For this purpose, monodisperse CTAB-capped GNPs with average diameters ranging from 8 to 42 nm and standard deviations of less than 10% were conjugated with HS-PEG in D~2~O solutions (*M*~w~ of 5.0 kg mol^--1^, \[PEG\] of 0.60 mg mL^--1^) (Fig. S8 and S9[†](#fn1){ref-type="fn"}). For each GNP size, the initial \[GNP\] used was inversely proportional to the surface area of NPs (the square of the diameter) to keep the total surface area of GNPs the same. The multi-Lorentzian-splitting algorithm was then used to calculate *σ* for each NP size. [Fig. 3a](#fig3){ref-type="fig"} shows the temporal evolution of *σ* for HS-PEG on GNPs with average diameters (*d*) of 8.5, 16.2, 28.0, and 41.9 nm. At the grafting time (*t*) of 3 min, *σ* decreased with increasing size of GNPs, calculated as 1.08, 0.82, 0.69 and 0.48 chains per nm^2^ for *d*~GNP~ of 8.5, 16.2, 28.0, and 41.9 nm, respectively. Note that \[GNP\]~*d*=8.5~ was almost 25 times greater than \[GNP\]~*d*=41.9~, meaning that the relative ratio of HS-PEG to GNPs for smaller GNPs was much less than that of larger GNPs. The higher *σ* observed for smaller GNPs indicates that the grafting rate is strongly dependent on the diffusion rate of GNPs, which is inversely proportional to their diameters (Stokes--Einstein equation).[@cit46] The grafting time to achieve a fully covered GNP surface with HS-PEG decreased from 180 to 50 min with increasing GNP sizes, primarily a result of the much denser surface coverage (*i.e.* higher *σ* at saturation) of smaller GNPs compared to larger ones. As expected, the plot *σ* at saturation against the diameter of GNPs revealed that *σ* decreased from 1.70 to 0.56 chains per nm^2^ while *d* increased from 8.5 to 41.9 nm ([Fig. 3b](#fig3){ref-type="fig"}). This indicates that the grafting efficiency of PEG onto the surface of GNPs was reduced with increasing curvature of GNPs. This result is qualitatively consistent with previous studies of other ligands bound to the surface of nanocrystals.[@cit47]--[@cit49]

![(a and c) Temporal evolution of *σ* for the grafting process of HS-PEG on GNPs and plot of *σ* at full coverage against (b) the diameter of NPs and (d) HS-PEG molecular weight. The polymer molecular weight, original capping ligand and NP size were as follows: (a and b) 5.0 kg mol^--1^ HS-PEG grafted to CTAB-capped NPs in various sizes, and (c and d) various molecular weights of HS-PEG grafted to 13 nm citrate-capped NPs. Dotted circles in (a) and (c) highlight *σ* at the grafting time of 3 min. The error bars in (b) represent standard deviation from three replicas each measurement.](c8sc02847h-f3){#fig3}

Effect of the molecular weight of HS-PEG
----------------------------------------

We also used this method to study the effect of HS-PEG molecular weights on the grafting process. [Fig. 3c](#fig3){ref-type="fig"} and S10[†](#fn1){ref-type="fn"} show the temporal evolution of *σ* and the NMR signal, respectively, for a series of HS-PEG with increasing molecular weight (*M*~w~ of 2.0, 5.0, 10.0 and 20.0 kg mol^--1^, \[PEG\] of 0.50 mg mL^--1^) grafting onto 13 nm citrate-capped GNPs. These experiments revealed that the grafting process was dramatically affected by the HS-PEG chain length. Similar to the trend of *σ* for decreasing GNP sizes, the grafting rate increased with decreasing HS-PEG chain length. This result suggests the grafting process is dependent on the diffusivity of free HS-PEG molecules, which decreases exponentially in water as the chain length is increased.[@cit49] This observation is also consistent with our previous study on the grafting process of HS-PEG on a flat Au surface.[@cit50] Plotting the *σ* at saturation (*i.e.* equilibrium) against the molecular weights demonstrated that *σ* decreased in the order of 2.53, 1.55, 0.84, 0.55 chains per nm^2^ for *M*~w~ of 2.0, 5.0, 10.0 and 20.0 kg mol^--1^, respectively. The data confirmed that *σ* at saturation decreased with increasing molecular weight ([Fig. 3d](#fig3){ref-type="fig"}), which is consistent with previous studies of *σ* for various polymer molecular weights.[@cit29],[@cit51]

Limitations of the multi-Lorentzian-splitting algorithm
-------------------------------------------------------

The limitations of our method are mainly determined by the following aspects: (1) the size of gold nanoparticles, (2) the molecular weight of PEG molecules, and (3) the fraction of free PEG among all PEG molecules in reaction solutions. For the multi-Lorentzian-splitting algorithm, the separation of the NMR signals of free PEG from the grafted ones is dependent on their peak-width difference, which is caused by the slow diffusion of PEG on the nanoparticle surface. Therefore, the multi-Lorentzian-splitting algorithm is not suitable for the scenario when the diffusion of grafted PEG or part of it is similar to that of free PEG, that is when the size of nanoparticles is too small, or the molecular weight of PEG is too large.

For the limitation of GNP size, we determined the lower limit of nanoparticle size by comparing the grafting density obtained by the multi-Lorentzian-splitting algorithm and post-centrifugation methods (Fig. S11[†](#fn1){ref-type="fn"}). The latter is highly accurate for the quantification of final grafting densities, but not capable for monitoring the grafting process. Fig. S11[†](#fn1){ref-type="fn"} reveals that the lower limit of nanoparticle size of the multi-Lorentzian-splitting algorithm increases with the molecular weight of PEG molecules. For example, the lower limit of nanoparticle size for PEG-5K is *ca.* 10 nm, while that for PEG-20K is *ca.* 23 nm. In principle, there is no upper limit of nanoparticle size for the multi-Lorentzian-splitting algorithm, as the difference of diffusion between free PEG and grafted one can only increase with the size of nanoparticles. It should be noticed that when the size of nanoparticles is too large, the NMR signal of grafted PEG will become too broad to distinguish from the spectral baseline. Therefore, one can directly quantify the amount of free PEG from the NMR peak of PEG in reaction solutions.

For biomedical applications of PEGylated Au nanoparticles, the molecular weight of PEG is generally in the range of 2.0 to 20 kg mol^--1^. We found the multi-Lorentzian-splitting is suitable for the PEG in this range. The grafting density of PEG with shorter chain lengths (*i.e.* molecular weight less than 2.0 kg mol^--1^) could be determined by the previous methods developed for small molecular ligands. For PEG with longer chain lengths (*i.e.* molecular weight higher than 20 kg mol^--1^), the multi-Lorentzian-splitting algorithm can be used to determine the grafting density of PEG on NPs with sizes above the lower limit for each molecular weight.

In addition, the multi-Lorentzian-splitting algorithm method is more appropriate for the scenario when the NMR signal of free PEG is not significantly larger than that of grafted ones, that is the fraction of free PEG among all PEG is relatively small. In a controlled experiment, we continuously added free PEG-5K into a solution of PEGlyated GNPs (size of 13 nm) with saturate and known grafting density of the same PEG (1.53 chains per nm^2^). The ^1^H NMR signals for the solution with different free/total PEG ratios were interpreted by the multi-Lorentzian-splitting algorithm to obtain the calculated grafting density, which were compared to the known value as shown in Fig. S12.[†](#fn1){ref-type="fn"} The comparison result reveals that once the fraction of free PEG was beyond 60%, the calculated grafting density determined by the multi-Lorentzian-splitting algorithm became inconsistent with the actual known value. In the scenario when the fraction of free PEG is much larger than that of the grafted ones, the grafting density will become saturated and can be easily determined by the post-centrifugation method.

Quantification of PEG grafting-to SiO~2~ encapsulated gold nanorods
-------------------------------------------------------------------

The grafting-to process of PEG on NP surfaces is a thermodynamically-driven adsorption/desorption process, and should be affected by the activity of the adsorption reaction of ligands with the NP surfaces. Despite the reaction of thiol with gold, other adsorptions through supramolecular interactions or covalent reactions can co-exist and the corresponding grafting densities need to be quantified. In order to verify the universal applicability of our multi-Lorentzian-splitting algorithm to other types of adsorption reactions, we selected the PEGylation of SiO~2~ encapsulated gold nanorods (GNR\@SiO~2~) as an example because of their potential biomedical applications such as photothermal therapy,[@cit52] photoacoustic imaging,[@cit53] biosensing,[@cit54] and drug delivery.[@cit55] Three typical adsorption reactions were used to graft PEG chains (*M*~w~ of 5.0 kg mol^--1^) onto GNR\@SiO~2~ surfaces ([Fig. 4a, b](#fig4){ref-type="fig"} and S13[†](#fn1){ref-type="fn"}). The first reacted amine-functionalized GNR\@SiO~2~ (GNR\@SiO~2~--NH~2~) with α-methoxy-ω-carboxyl poly(ethylene glycol) (PEG-COOH) *via* electronic interactions (Route I). The second employed GNR\@SiO~2~--NH~2~ to interact with α-methoxy-ω-*N*-hydroxysuccinimide-polyethylene glycol (PEG-NHS) by the formation of active esters (Route II). The third involved a hydrolysis reaction of 2-\[methoxy(polyethyleneoxy)propyl\]trimethoxysilane (PEG-silane) on SiO~2~ shells covered GNRs under acidic conditions (Route III).[@cit56]

![(a) Three reaction routes for PEGylation of GNR\@SiO~2~. (b) TEM image of GNR\@SiO~2~. (c) ^1^H NMR spectra of free PEG calculated *via* the multi-Lorentzian-splitting algorithm after the three grafting-to processes reached equilibrium, along with the initial spectrum before the grafting process. (d) Corresponding *σ* calculated by the multi-Lorentzian-splitting algorithm for the three routes.](c8sc02847h-f4){#fig4}

In order to quantify the grafting density for each route, the multi-Lorentzian-splitting algorithm was applied to isolate the free PEG signal from the mixture containing grafted PEG after the grafting-to process reached equilibrium. [Fig. 4c](#fig4){ref-type="fig"} shows the NMR spectra of free PEG calculated *via* the multi-Lorentzian-splitting method. The grafting density for each route was determined by comparing the integral of the free PEG signal with the standard curve of pure PEG ([Fig. 4d](#fig4){ref-type="fig"}). Route III yielded the highest grafting efficiency with *σ* up to 0.78 chain per nm^2^, which was 43 and 15 times larger than that of routes I (0.018 chain per nm^2^) and II (0.051 chain per nm^2^), respectively; this revealed that the hydrolysis of PEG-silane is a much more effective way to graft PEG chains onto SiO~2~ shells covered GNRs. It should be noted that during the hydrolysis reaction, there is no by-products, *i.e.* PEG micelles, observed by the ^1^H NMR and dynamic light scattering (DLS) studies (Fig. S14, Table S2 and the discussion in ESI[†](#fn1){ref-type="fn"}). Additionally, *σ* achieved through Route I and II were similar to *σ* of HS-PEG on CTAB-covered GNRs, which was determined as 0.034 chain per nm^2^ by the same multi-Lorentzian-splitting algorithm (Fig. S15[†](#fn1){ref-type="fn"}). Taken together, these results indicate that the multi-Lorentzian-splitting algorithm is well-suited to quantify the coverage from PEG ligands in various adsorption reactions with NP surfaces and is not limited by the NP shapes.

Conclusions
===========

In summary, we report a facile and non-sacrificial ^1^H NMR analytical approach to quantitatively characterize PEG grafting density on GNPs. In order to distinguish the NMR signal of free PEG from that of grafted molecules, a multi-Lorentzian-splitting algorithm is proposed and allows monitoring of the grafting process *in situ*. Using this method, the grafting rates and grafting densities can be efficiently studied for GNPs with different dimensions, PEG with different molecular weights, and different types of the original capping ligand on GNPs. This method is not limited by the types of terminal functional group of PEG, the surface chemistry of nanoparticles, or the composition of nanoparticles, and can be applied to other polymer ligands capping different types of nanoparticles. More importantly, our methods provide a set of critical and standard guide for characterization of the PEG grafting density on nanoparticles (the most important parameter in biological interactions) for *in vivo* biological and biomedicine studies.[@cit57],[@cit58]

Conflicts of interest
=====================

There are no conflicts to declare.

Supplementary Material
======================

Supplementary information

###### 

Click here for additional data file.

K. L. and Z.-Y. L. gratefully acknowledge financial support from the National Natural Science Foundation of China (21534004). K. L. thanks the National Natural Science Foundation of China (21474040, 21674042) and China's Thousand Talent Plan for financial support.

[^1]: †Electronic supplementary information (ESI) available. See DOI: [10.1039/c8sc02847h](10.1039/c8sc02847h)
